Objectives: To assess the in¯uence of stature on the basal metabolic rate (BMR) and on the energy cost of standardised walking. A second objective was assess the accuracy of the FAOaUNUaWHO (1985) equations to predict BMR. Designasubjects: Forty-six young men were selected on the basis of their stature and assigned to the group of short, S (n 25, mean stature 1.65 AE 0.03 m) or of tall, T (n 21, mean stature 1.87 AE 0.04 m). Setting: Rome, Italy. Interventions: Body composition was assessed by underwater weighing. BMR and energy cost walking at 5 kmah was measured by the Douglas bag. Results: Body fat % was similar in the two groups (15.2 AE 4.3 for S; 17.4 AE 5.3 for T; ns). The BMR of T was 20% higher than that of S, but 12% and 10% lower when standardised respectively for body weight (BW) and fat free mass (FFM). However these differences were removed when BMR was covaried for BW or FFM, or normalised by BW 0.62 or FFM 0.64 . Measured BMR was 7% for T and 6% for S lower than that predicted by the FAO/WHO/UNU (1985) equation; the inclusion of stature did not reduce the overestimation. The energy cost of walking was 27% higher in T than in S, but 9% and 5% lower when standardised respectively for BW and FFM. The differences disappeared when expressing the energy cost of walking as net cost per kg FFM. Conclusions: Tall people have lower BMR per unit of BW or FFM than short people, and it is necessary to control for the diverse body mass by the appropriate method. However, qualitative differences in the composition of FFM are plausible, due to the diverse proportion of metabolically active internal organs in people of different height, which might be re¯ected in the higher BMRakg FFM of the shorter subjects. The sex-and age-speci®c FAOaWHOaUNU (1985) equation signi®cantly overestimates the BMR of both short and tall people, but there is no simple explanation of this observation. The energy cost of walking is not affected by stature when expressed as net cost per kg FFM.
Introduction
Within the range of normality body weight is closely related to height, the relationship being exponential, the power varying between 1.5 and 2. Basal metabolic rate is strongly affected by body size. Therefore it can be expected that, for a given weight, the BMR will differ in short and tall people. The relationship between FFM, the main component of body weight, and stature is not linear, but, as outlined by Forbes (1974) , it is described by a curvilinear function, the fat-free-mass being proportional to the cube of height, for the combined sexes. That is, FFM increases three-fold for each increment of body stature. As a consequence, the BMR normalised for stature will be higher for the taller subjects (because they have more FFM per unit of stature) than for the shorter ones. However, Garby & Lammert (1992) have shown that the composition of FFM changes with the size of the FFM. The proportion represented by the internal organs FFM decreases with increasing FFM, again with a curvilinear relationship, the heavier individual having the lower proportion of internal organs. It is reasonable to assume that a taller person has a larger FFM than the shorter one. Furthermore it can be argued, on the basis of Garby & Lammert's (1992) ®nd-ings, that taller people have a smaller proportion of organs in their FFM. Internal organs have a higher rate of energy turnover than the other components of FFM. Thus, beside the direct effect of body size on BMR, it is to be expected that also the diverse composition of FFM at different stature will in¯uence BMR. Literature data regarding the impact of stature on BMR are lacking. The present study has been undertaken to assess the difference in BMR of individuals of similar fatness and BMI, but of different height. A second objective was to verify the predictive accuracy of FAO/WHO/UNU (1985) equation to estimate BMR. These equations have been developed from an analysis of Scho®eld et al (1985) of an extensive set of data drawn from the literature, on a sample of more than 2800 males aged 18 ±30 y with a mean stature 1.70 AE 0.07 m. The paper also investigates the in¯uence of height on the energy cost of walking at 5 kmah, expressed as net cost or as multiple of BMR.
Methods
Forty-six young men (18 ±30 y) were selected among students and staff of the National Institute of Nutrition, on the basis of their stature. The ®rst (`1.65 m) and third (b 1.80 m) tertiles of the distribution of the stature of Italian army conscripts were adopted as selection criteria (Annuario Statistico Italiano, 1991) . Two groups were formed, a tall group T (n 21, mean stature AE s.d. m 1.87 AE 0.04), and a short group S (n 25, mean stature 1.65 AE 0.03). Each subject completed all measures and tests in the same morning session.
Height was measured with a Holtain stadiometer in the standard position (Weiner & Lourie, 1969) , to the nearest 0.1 cm. Body weight, with minimal clothing and after voiding, was measured to 0.01 kg on a calibrated electronic digital scale (K-Tron P1-SR). BMR was measured, in triplicate, by open circuit indirect calorimetry under standardised conditions, with Douglas bags. The measurements were made at 7.30 am, after 10 ±12 h of fast and at least 30 min of resting, in absolute quietness and at thermic neutrality. After the measure of the BMR, the energy cost of walking, in fasting state, on the level, at the speed of 5 kmah (standardised walking), was measured thrice on treadmill with Douglas bags. Gait frequency and stride length were left to the individual choice, but were measured. Expired air was collected for 10 min for BMR and 4 min for walking, following 4 min run-in period. The volume of expired air was measured on a calibrated wet gasmeter (S.I.M. Brunt, Milan, Italy) and analysed for O 2 with Servomex 1100 A (Taylor Instrument Analytics Ltd, Crowborough, Sussex, UK) and for CO 2 with a Morgan infra-red analyser (P.K. Morgan Ltd, Chatham, Kent). The gas analysers were regularly calibrated with certi®ed gas mixtures (pure N 2 and atmospheric air for Servomex and a mixture of 6.60% CO 2 in N 2 ) for the CO 2 analyser. Metabolic rate was calculated by Weir's (1949) equation. Body fat was assessed by underwater weighing (Durnin & Rahaman, 1967) and simultaneous measure of residual lung volume by nitrogen dilution technique (Rahn et al, 1979) . Measures of body density were repeated until three measures agreed within 0.0015 g/ml. Body fat was calculated by Siri's formula (Siri, 1961) . BMR was predicted by the age-and sex-speci®c FAO/WHO/UNU (1985) equation, using either weight alone or weight and height.
The protocol and the objective of the study were explained to the subjects, and they gave their written consent.
Statistical methods
Data of the two groups have been compared by unpaired t-test (statistical signi®cance at P`0.05). The analysis of covariance (ANCOVA) has been used to adjust BMR for body weight, FFM and stature. BMR and energy cost of walking at 5 kmah have been regressed against FFM. The hypotheses at the basis of each regressive model adopted were tested by residuals analysis. Log transformation of the linear regression was used to determine the best model relating BMR, FFM, body weight and stature. The Bland & Altman (1986) analysis and a Student's paired t-test were used to compare the predicted and the measured BMR. All statistical analyses have been performed by Complete Statistical System (CSSaPC) programme.
Results
The age, number and physical characteristics of the two groups are presented in Table 1 . The two groups differed for stature (22 cm, P`0.000) and for weight (22 kg, P`0.000). Mean stature ( AE s.d.) was m 1.65 AE 0.03 for the short stature group and m 1.87 AE 0.04 for the tall stature group. Age was statistically different between two groups (P 0.002), but the differences were modest (3 y). Body mass index (BMI, kgam 2 ) was similar in the two groups (22.4 AE 2.0 kgam 2 for S and 23.6 AE 2.1 kgam 2 for T; ns). The body fat % and fat-free-mass % of the two groups were not statistically different (respectively 15% AE 4 for S and 17% AE 5 for T; ns, and 85 AE 4% for S and 83 AE 5% for T; ns). Absolute amounts of fat and FFM were statistically different. The T group had 36 AE 3 kg FFM per meter height, which was statistically higher (P`0.000) than the 31 AE 3 kgam of the short stature group. Basal metabolic rate in kcalamin was 20% higher (P`0.000) in the T group (1.25 AE 0.12 kcalamin) as compared to the S group (1.04 AE 0.09 kcalamin) ( Table 2) . When BMR was standardised per kg body weight (ratio model), it was 12% lower (P`0.000) in the T (21.8 AE 1.7 kcalakgad) than in the S (24.8 AE 1.3 kcalakgad). Standardisation by FFM did only slightly reduce the difference: BMR of T group The BMR and energy cost of standardised walking L Censi et al (26.4 AE2.0 kcalakg FFM/d) was still 10% lower (P`0.000) than S (29.3 AE 2.2 kcalakg FFM/d). When BMR was standardised by stature, a reverse trend was observed, with BMR 5.5% higher (P`0.02) in T (9.6 AE 0.9 kcalacmheight) than in S (9.1 AE 0.8 kcalacm height). The linear regression model of BMR (kcalamin) on FFM (kg) shows the expected positive intercept (a 0.39) and a fairly robust correlation (r 2 0.75; r 0.86; P`0.000; SEE 0.07) that explains three quarters of the variance of BMR (Figure 1, panel a) . Regressing FFM against BMR standardised per kg of FFM (Figure 1 , panel b), showed that the basal energy turnover of the unit of FFM decreased by 1.7 kcalad for every 10 kg increase of FFM (r 2 0.45; r 7 0.67; P`0.000; SEE 1.90). Adjusting BMR for body weight, FFM or height by ANCOVA removed all differences between groups ( Table  3 ). The use of a power-function of weight or FFM achieved the same result. The log transformation of BMR and FFM (r 2 0.75; r 0.86; SEE 0.03; P`0.0000) or body weight (r 2 0.75; r 0.87; SEE 0.03, P`0.0000) gave a power of 0.64 for FFM and of 0.62 for weight. The value of the exponents that we obtained in our sample was similar to that found in other studies (Butte et al, 1995; Heusner, 1985) . Table 2 shows that when BMR is normalised by FFM 0.64 or by weight 0.62 respectively, the differences in the mean BMR values between the two groups disappear. There was no correlation when BMRaFFM 0X064 was plotted against FFM (r 2 0.00) or BMRaweight 0.62 against weight (r 2 0.00). For both groups, the BMR predicted either from weight alone or weight and height (FAO/WHO/UNU, 1985) signi®cantly (P`0.00) over-estimated the measured BMR (Table 4) , being respectively 7.5% for T and 6.4% for S higher. The difference between the BMR predicted by weight alone and by weight and height, was negligible for either S or T group. The Bland & Altman (1986) analysis con®rmed the over-prediction of BMR from body weight and height for most subjects in both groups, with a somewhat larger spread of the tall subjects ( Figure  2 ). Mean bias was 119 AE 106 kcalad, but it was not related to the BMR (r 70.13; ns). The same results were obtained when BMR was predicted from body weight only (not shown).
The energy expenditure of standardised walking at 5 kmah is shown in Table 5 . The absolute value was 27% higher (P`0.000) for the T group (5.1 AE 0.6 kcalamin), than for the S group (4.0 AE 0.4 kcalamin). Standardising for body weight, reduced and inverted the differences, with the T group having a 9% lower cost (P`0.000), than the S group. When the energy cost of walking was standardised for FFM, the differences became smaller (5%), but remained statistically signi®cant (P 0.04). Figure 3b shows that the cost of walking per unit of FFM decreased signi®cantly when FFM increased (r 2 0.16; r 70.40; P 0.006); in other words, a tall man uses less energy per kg of metabolically active mass, for covering a given Figure 1 Regression of basal metabolic rate (BMR) on fat free mass (FFM), in absolute value (panel a; r 2 0.75; r 0.86; P`0.000), and standardised by FFM (panel b) it is clearly evident that the basal energy expended by the unit of FFM statistically decreases by increasing the kg of FFM (r 2 0.45; r 70.67; P`0.000). The BMR and energy cost of standardised walking L Censi et al distance than a short man, with a drop of 0.30 kcalakg FFM/d for an increase of 10 kg in FFM. When expressing the cost of walking as multiple of BMR (BMR factor, 3.9 AE 0.2 per S and 4.1 AE 0.3 per T) the difference between the two groups was still signi®cant (P 0.03). Moreover there was a positive correlation between the BMR factor and body weight (r 2 0.15; r 0.39; P 0.007) or FFM (r 2 0.09; r 0.30; P 0.041). However, when the effect of BMR was removed by calculating the net energy cost of walking (expressed per kg FFM) both groups appeared to spend the same amount of energy (Table 5 ). There was no correlation when net energy cost of walking per kg FFM was plotted against body weight (r 2 0.01; r 0.1; ns).
Discussion
The present study shows that absolute values of BMR are, as expected, higher in taller people and lower in shorter ones. When BMR is expressed per kg body weight or FFM, tall individuals have lower values than shorter ones. This is due to the curvilinearity of the relationship between BMR and body weight or FFM, that is removed when BMR is covaried for body weight, FFM, height, or standardised by a power of weight or FFM. The differences observed when BMR is standardised for FFM might be due, at least in part, to a diverse proportion of the metabolically active organs composing FFM. The FFM compartment is composed of many tissues and organs which differ profoundly in their metabolic activity. Visceral organs account for more than 60% of BMR (FAOaUNUaWHO, 1985) . Thus, in people differing for stature, the diverse composition of the FFM may account for the inter-individual variability in the energy turnover of one unit of FFM. Garby & Lammert (1992) , examining the weight of the main visceral organs (liver, brain, spleen, heart and kidney) of 1232 cadavers have shown that the proportion of FFM accounted by internal organs decreases with increasing FFM. It is thus plausible that differences in stature are associated with a different ratio of internal organsaFFM, higher in the shorter individuals and lower in taller ones. Using the equation proposed by Garby & Lammert (1992) , we have calculated, for our study groups, the weight of the internal organs as percent of FFM (Table 6 ). The ratio kg organsakg FFM (%) was higher (0.9%; P`0.000) in the S (7.6% AE 0.3) respect to the T group (6.7% AE 0.3). We explored the relationship between the ratio internal organsaFFM and stature, including data relative to 52 young healthy men of intermediate stature that were not part of this study, and we found a strong inverse correlation (r 2 0.42, P`0.000; Figure 4 ). This relationship is, obviously, linked to the curvilinear relation between FFM and stature: in our sample (including the subjects of intermediate stature) the FFM was described as a power function of height (FFM 10 72.83 6 height 2.06 ; r 2 0.44; P`0.0000; SEE 0.05). These results seem to con®rm that the proportion of internal organsaFFM decreases with increasing stature and FFM. Modelling the impact on BMR of an increasing internal organsaFFM ratio, we calculated that a 0.9% difference in the percentage of ratio internal organ/FFM involves a difference of 2.7 kcalakg FFM. This ®gure is in line with what was observed in our sample ( Figure 5 ). Garby & Lammert's (1992) predicted BMRs of lighter and heavier subjects are closely comparable to the results obtained in our study: thus, for example, our tall subjects, with a FFM of 68 kg, have a BMR of 1.25 kcalamin, similar to the 1.32 kcal of a 70 kg FFM subject of Garby & Lammert (1992) . FAOaUNUaWHO (1985) equation were found to signi®cantly overestimate BMR of both tall and short subjects of the present study. These equations had been developed on a sample of 2879 males aged 18±30 y with a mean stature of 1.70 AE 0.07 m (Scho®eld et al, 1985) . This height is intermediate to the height of our two groups of subjects. The equation over-predicts BMR by % 6 ±7%. The inclusion of height did not improve the prediction. The overestimate of BMR recorded in our study is in agreement with what reported in the recent literature by other authors (Piers et al, 1997) , con®rming the need to re-visit the whole issue of uni®ed equation universally applicable for the prediction of BMR (Hayter & Henry, 1994; Shetty et al, 1996; Durnin, 1996) . However, it does not appear that the diverse height might contribute to weaken the predictive power of the existing equations. We explored also the effect of stature on energy cost of walking. The issue of the in¯uence of body size on energy cost of activities is not completely clari®ed; it has important implications, mainly for the prediction of energy requirements. FAO/WHO/UNU (1985) introduced the practice of expressing the energy expenditure as multiple of BMR. This approach implies the independence of the BMRs multiplier by the body weight, however, as recently pointed out by Norgan (1996) , the issue is still controversial. As expected, we found that taller heavier subjects had a lower energy cost than the shorter and lighter ones, when standardised by body weight or FFM. However when the cost was expressed as net energy cost (energy cost of walking minus BMR)/kg FFM, it was similar in the two groups. Moreover the net energy cost (per kg FFM) was independent from body weight. On the other hand, the fact that expressing the cost as BMR factor removes the larger part of the differences between the two groups, suggests that these are mostly attributable to the effect of BMR. The residual modest but statistically signi®cant difference (P 0.03), with the taller group having a marginally higher BMR factor, implies that the BMR factor is still weight-dependent. In fact, the correlation with body weight indicated that the BMR factor increases by about 9% over the range of body weight 50 ±90 kg. This may be attributed to the increasing amount of muscular mass involved in the act of walking with increasing body size. Such an increase is removed when the energy cost of walking is expressed as net cost of BMRakg of FFM. Although not controlling for gait frequency and stride length, both were measured. We found that short people have, as expected, 5% higher gait frequency and 6% lower stride length. The in¯uence of these differences on the energy cost of walking is dif®cult to appreciate, but we believe that their effect might not be counterbalanced by imposing a uniform stride. Indeed, it has been shown that the lowest energy expenditure of walking to a given speed is achieved when the stride frequency is freely chosen by the subject (Minetti et al, 1995) . Further to this, our study intended to explore the cost of walking under real life conditions. Garby & Lammert (1992) . b By unpaired t-test.
Figure 4
Relationship between the ratio kg organsakg FFM and the stature: exists a strong inverse correlation between the ratio kg organsakg FFM and the stature (r 2 =0.42; r À0X65; P`0X0000). Figure 5 The difference between the two groups of 0.9% in the percentage of ratio internal organsaFFM could explain the increasing of 2.9 kcalakgFFM in BMR standardised for FFM in short stature group. This difference, in fact, involves a basal energy delta of about 2.7 kcalakgFFM. The values of energy expenditure for the main internal organs and the other components of FFM was drawn from FAOaWHOaUNU, 1985 considering a 15% of fat.
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Conclusions
We have shown that the diverse body size that is associated with different statureÐeven if with a similar fat contentÐ in¯uences the BMR as well as the cost of standardised activities. The normalisation of the data on the basis of body weight or FFM does not remove the differences. Tall people have a lower standardised energy turn-over rate than shorter people. Hence the need to resort to different approaches for the comparison of energy expenditure of subjects of different stature. These differences are removed when the effect of body size is controlled either by expressing energy expenditure by a power of weight or FFM, or by covarying for weight or FFM. Part of the differences observed in the BMR might be accounted by a different composition of FFM, with a higher proportion of metabolically active visceral organs per unit of FFM in the shorter individuals. Expressing energy expenditure as a BMR multiple largely controls the stature-associated differences, which appear thus to be mostly accounted for by the diverse BMR. Also, we report that the FAOaUNUaWHO (1985) equation for predicting BMR signi®cantly overestimates the measured BMR of young males, but that this overestimation does not appear to be related to the effect of height.
